Antisense technology can reduce gene expression via the RNase H1 or RISC pathways and can increase gene expression through modulation of splicing or translation. Here, we demonstrate that antisense oligonucleotides (ASOs) can reduce mRNA levels by acting through the no-go decay pathway. Phosphorothioate ASOs fully modified with 2 -O-methoxyethyl decreased mRNA levels when targeted to coding regions of mRNAs in a translation-dependent, RNase H1-independent manner. The ASOs that activated this decay pathway hybridized near the 3 end of the coding regions. Although some ASOs induced nonsense-mediated decay, others reduced mRNA levels through the no-go decay pathway, since depletion of PELO/HBS1L, proteins required for no-go decay pathway activity, decreased the activities of these ASOs. ASO length and chemical modification influenced the efficacy of these reagents. This nongapmer ASO-induced mRNA reduction was observed for different transcripts and in different cell lines. Thus, our study identifies a new mechanism by which mRNAs can be degraded using ASOs, adding a new antisense approach to modulation of gene expression. It also helps explain why some fully modified ASOs cause RNA target to be reduced despite being unable to serve as substrates for RNase H1.
INTRODUCTION
Antisense technology, in which antisense oligonucleotides (ASOs) hybridize with target RNAs to result in specificity, can modulate gene expression via different mechanisms (1) (2) (3) (4) . Enzyme-mediated reduction of target RNAs involves RNase H1-or RNA induced silencing complex (RISC)-dependent mechanisms (1, 5) . Non-RNase-mediated mechanisms have also been developed. Though RNase H1-dependent ASOs are designed to contain deoxyribonucleotides in the center flanked by modified nucleotides at both ends, known as gapmers, non-gapmer ASOs that do not trigger RNase H1 cleavage can modulate splicing to influence the mRNA isoforms produced (6, 7) . The nonsensemediated decay (NMD) of mRNAs can be regulated by ASOs that target the binding sites of the exon-exon junction complex, by using ASOs to reduce levels of NMD factors to increase mRNA levels (8, 9) , or by using ASOs to induce NMD via an influence on alterative splicing (10) . These approaches highlight the versatility of antisense technology. ASO technology is used in research and multiple antisense drugs have now received approval for clinical use (11, 12) .
ASO drugs are chemically modified to enhance stability, delivery, and pharmacological properties (13) (14) (15) (16) (17) . Modifications include but are not limited to the backbone phosphorothioate (PS) modification and ribose modifications such as 2 -O-methyl (2 -OMe), 2 -O-methoxyethyl (2 -MOE), constrained ethyl (cEt), locked nucleic acid (LNA), and 2 -fluoro (2 -F), which significantly affect the physicochemical properties of ASOs (15, 18, 19) . For example, the PS linkage reduces the melting temperature (T m ) of the duplex between ASO and target RNA but enhances ASOprotein interactions and ASO stability in biological systems (13, 15, 20) . The commonly used 2 -modifications enhance ASO stability and increase T m to varying extents: 0.5-1
• C per modification for 2 -OMe and 2 -MOE, 2-5
• C per modification for cEt, LNA and 2 -F (21-23). In addition, 2 -modifications also influence the protein binding properties of ASOs. cEt, LNA and 2 -F-modified ASOs bind more proteins more avidly than 2 -MOE modified ASOs (13, (24) (25) (26) (27) (28) (29) . These features provide opportunities to design ASOs with optimal performance.
Splicing modulating ASOs act in the nucleus, whereas RNase H1-dependent ASOs act in both the nucleus and the cytoplasm to trigger target RNA degradation (30, 31) . ASOs that act as steric blockers to reduce protein levels by inhibiting translation or to enhance translation through targeting upstream open reading frames and translation inhibitory elements act in the cytoplasm (32) (33) (34) (35) . Activi-ties of certain ASOs that operate through an RNase H1-dependent mechanism are influenced by translation. For instance, ASO activity can be reduced by translation when the ASO targets the coding region of an efficiently translated mRNA (36) . This observation raised the possibility that ASOs that interact with mRNAs to modulate translation may affect the fate of mRNAs by triggering mRNA degradation through translation-mediated decay pathways.
In addition to normal mRNA decay pathways that can be mediated by poly(A) shortening and decapping (37) (38) (39) (40) (41) (42) , other decay pathways also exist to ensure mRNA and protein quality. These include the nonsense-mediated decay (NMD), non-stop decay (NSD), and no-go decay (NGD) pathways, and perhaps other pathways as well (43) (44) (45) (46) (47) (48) (49) . NMD is triggered by the presence of premature termination codons and requires a set of proteins including UPF1, an RNA helicase, and SMG6, a mammalian-specific protein with endonuclease activity (43, 44) . NSD is induced when ribosomes are stalled at the 3 end of mRNAs lacking a termination codon, and Ski7 and exosomes are required for degradation of the mRNAs as demonstrated in yeast (50) .
NGD was initially identified in yeast and has now been shown to be active in insects, plants, and mammals (48, (51) (52) (53) . NGD is translation dependent and is triggered by obstacles that impede ribosome movement along the mRNA. mRNA structure or the presence of clustered inhibitory and rare codons can cause ribosome stalling and lead to mRNA degradation (49) . The collision of multiple ribosomes on the mRNA template appears to be critical for the NGD process. Therefore the stall site must be located at a distance downstream from the start codon (>105 nt) such that sufficient numbers of ribosomes can be bound (54) . Endonuclease cleavage sites are located upstream of the stall site, likely between the stalled ribosomes (54, 55) . The 5 and 3 cleaved fragments are processed by the 3 →5 exonuclease activity of the exosome and by the 5 →3 exonuclease Xrn1, respectively (48) . The endonuclease responsible for NGD cleavage has not been identified. PELO (the human counterpart of the yeast Dom34) and HBS1L proteins are required for NGD; these two factors likely interact with the stalled ribosomes (48, 51, 56) . Dom34 contains a potential endonuclease domain, but this domain is not required for NGD-mediated mRNA cleavage, as demonstrated by mutational analyses (51) , and the endonuclease activity was also not supported by structural studies (56) (57) (58) .
Previously, it was demonstrated that some ASOs with activity not dependent on RNase H1 could reduce mRNA levels via unknown mechanisms (59) . Here we demonstrate that non-gapmer ASOs can influence gene expression by inducing mRNA degradation through the NGD pathway. We found that some uniformly modified PS-MOE ASOs significantly reduced levels of nucleolin (NCL) mRNA when targeted to the coding region, especially to regions near the 3 end of the coding region. Some ASOs were found to trigger the NMD pathway, and others the NGD pathway. The activities of NGD-mediating ASOs are dependent on translation and PELO/HBS1L proteins, but not on NMD pathway proteins UPF1/SMG6. Together, our results indicate that appropriately designed ASOs can reduce mRNA levels via the NGD pathway, providing an additional antisense approach to modulate gene expression.
MATERIALS AND METHODS

Cell culture and transfection of ASOs, siRNAs, and plasmids
HeLa, HEK293, Hep3B and bEND.3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 0.1 g/ml streptomycin and 100 units/ml penicillin in a 37
• C incubator with 5% CO 2 . Cells were seeded at approximately 50% confluency 16 h before transfection. For ASO activity assays, cells grown in 96-well plates were transfected for 5 h with ASOs using 4 g/ml Lipofectamine 2000 in Opti-MEM medium (Life Technologies) based on manufacturer's instructions. Medium was then replaced with prewarmed complete DMEM medium, and cells were incubated for 16 h before RNA preparation.
Cells were transfected with siRNA using 5 g/ml Lipofectamine RNAiMax (Life Technologies) based on manufacturer's procedure with a final siRNA concentration of 5 nM. Medium was replaced with fresh medium 8 h after siRNA transfection. After 36 h, cells were re-seeded in 96-well plates at ∼70% confluency, incubated overnight, and transfected with ASOs. Alternatively, siRNA-treated cells were collected 72 h after transfection and cell lysate was prepared for western analysis.
For cycloheximide (CHX) treatment, HeLa cells grown in 96-well plates were treated with 100 g/ml CHX alone, transfected with 75 nM ASO alone, or were treated with both ASO and CHX. Cells were collected at different times after treatment, and total RNA was prepared. For plasmid transfection, 1.5 g plasmid DNA was transfected into HeLa cells grown in a 10-cm dish using Effectene (Qiagen) based on the manufacturer's instructions. After 24 h, cells were re-seeded in 96-well plates, incubated for 16 h, and transfected with ASOs. ASO and siRNA sequences are listed in Supplementary Data.
RNA preparation and qRT-PCR analysis
Total RNA was prepared from cells using RNeasy mini kit (Qiagen), based on manufacturer's procedure. Quantitative real-time RT-PCR (qRT-PCR) analyses were conducted as described previously (26) . Briefly, qRT-PCR was performed in triplicate using StepOne Real-Time PCR system. Primer and probe sequences are listed in Supplementary Data. One-step qRT-PCR was performed using an AgPathID One-step RT-PCR kit (Applied Biosystems) using the following program: 48
• C for 10 min, 94
• C for 10 min, and 40 cycles of 20 s each at 94
• C and 60
• C. The qRT-PCR results were quantified using StepOne Software V2.3. Tested RNA levels in each reaction were normalized to total RNA levels measured using SYBR Green (Life Technologies); average values are reported. For quantification of RNAs prepared from different gradient fractions, the relative mRNA level in each fraction was calculated as percentage of the RNA in the fraction relative to the sum of the mRNA quantities in all fractions. The relative NCL mRNA levels in each fraction were then normalized to the relative mRNA levels of ANXA2 in the fraction. Statistical analysis was performed using Prism with either t-test or F-test for curve comparison based on non-linear regression (dose-response curves) for XY analyses using the equation 'log(agonist) vs. normalized response -variable slop'. The Y axis (relative level) was used as the normalized response. All the qRT-PCR experiments were performed at least three times, and representative results are shown.
Reverse transcription and PCR
To detect splicing isoforms, total RNA was prepared from ASO-treated cells grown in six-well dishes using RNeasy columns, and 20 ng total RNA was used per reaction. Reverse transcription was performed at 45
• C for 30 min, and the PCR reaction was performed with following program: 94
• C for 10 min, 28 cycles ( Figure 2C ) or 35 cycles (Figure 2D ) of 45 s each at 94
• C and 53
• C. Primer sequences are listed in Supplementary Data. The PCR products were analyzed on an 1% agarose gel.
Sucrose gradient fractionation and polysome profiling
Polysome analyses were performed as described previously (33) . Briefly, ∼5 × 10 6 HeLa cells were transfected with 70 nM ASOs for 16 or 24 h, and treated for an additional 15 min at 37
• C with 100 g/ml CHX. Cells were washed three times with ice-cold 1× PBS buffer containing 100 g/ml CHX and pelleted. The cell pellet was washed and resuspended in 600 l lysis buffer (20 mM Tris pH 7.5, 5 mM MgCl 2 , 100 mM KCl, 100 g/ml CHX, 2 mM DTT, 1000 unit/ml of RNaseOut (ThermoFisher)). After incubation on ice for 10 min, cells were lysed by addition of 37 l of 10% Triton X-100 and 37 l of 10% sodium deoxycholate, followed by incubation on ice for 5 min. Cell lysates were then prepared by centrifugation at 4
• C for 10 min at 12 000 rpm, and 200 l lysate was loaded onto an 11 ml, 7-47% sucrose gradient. After centrifugation at 35 000 rpm for 2 h at 4
• C using a SW41 rotor, 400-l fractions were collected from top to bottom. RNA was prepared from 200 l of each fraction using the RNeasy kit (Qiagen), and RNA levels were analyzed by qRT-PCR using primers and probes listed in Supplementary Data. The relative levels of NCL mRNA in each fraction was calculated as the percentage of NCL mRNA in that fraction, considering the sum of NCL mRNA levels in all fractions as 100%. The calculated NCL mRNA levels in each fraction were further normalized to the ratios of the relative percentage of an untargeted mRNA, ANXA2, in the same fractions between ASO treated and untreated samples.
Western analysis
Cells were collected using trypsin and washed with 1× PBS. Cell lysates were prepared using RIPA buffer (ThermoFisher). Samples were centrifuged at 12 000 × g for 10 min at 4
• C. Proteins (30 g/lane) were separated by 4-12% SDS-PAGE and transferred to membranes. Target proteins were detected with antibodies listed in Supplementary Data, and visualized using enhanced chemiluminescence.
T m analysis
The thermal stabilities (T m ) of the duplexes formed by the oligonucleotides and a complementary RNA were analyzed by measuring the UV absorbance versus temperature curves as described previously (60) . Each sample contained 100 mM NaCl, 10 mM sodium phosphate (pH 7.0), 0.1 mM EDTA, 4 M oligonucleotide and 4 M complementary RNA. The sequences of ASOs and complementary RNAs are listed in Supplementary Data.
Affinity selection
Affinity selection using biotinylated ASO 386652 was performed essentially as described previously (26) . Proteins were eluted using PS-MOE ASO 1199616, or PS/MOE ASOs containing the cEt modification 1215826 or 1215829. Eluted proteins were separated on 4-12% SDS-PAGE gel, and PELO or HBS1L proteins were detected by immunoblotting.
Bioluminescence resonance energy transfer (BRET) binding assay
HBS1L NanoLuc (Nluc) fusion protein construction, expression, and purification were performed essentially as described (61) . Briefly, full-length human HBS1L (NM 006620) was amplified by PCR from the cDNA clone (Origene RC208125). The forward PCR primer (5 -gctagc AGCCACCATGGCCCGGCATCGGAATG-3 ) was complimentary to the HBS1L sequence around the AUG start codon and preceded by a Kozak sequence. The forward primer included a NheI site. The reverse primer (5 -GGT-GTTGTCACTGAG ATAAAAGAAgactcgag) was complementary to the HBS1L sequence upstream of the stop codon, and contained an XhoI site. The PCR amplified product was ligated into NheI and XhoI sites of the NanoLuc expression vector pFC32K Nluc CMV-Neo (Promega) to create an in-frame C-terminal NLuc fusion. A 6X HIS-tag (encoded by 5 -CAT CAT CAT CAC CAC CAC-3 ) was inserted downstream of the NLuc cassette by site-directed mutagenesis using a Q5 Site-Directed Mutagenesis Kit (New England BioLabs) according to the manufacturer's protocol.
The HBS1L-NLuc fusion protein was expressed by transfecting the plasmids into 6 × 10 5 HEK293 cells using Effectene transfection reagent according to the manufacturer's protocol (Qiagen). Following a 24-h incubation, cells were removed from the plate by trypsinization, washed with PBS, and resuspended in 250 l Pierce IP Lysis Buffer (Thermo Scientific). The lysate was incubated 30 min at 4
• C while rotating, then debris pelleted by centrifugation at 15 000 rpm for 5 min. The fusion protein was purified by adding 20 l HisPur Ni-NTA Magnetic Beads (Thermo Scientific) and 10 mM imidazole then incubating at 4
• C for 2 h. The beads were then washed four times with 10 mM imidazole and 0.01% Tween-20 in PBS. The HBS1L-NLuc fusion protein was eluted from the beads in 100 l 200 mM imidazole in PBS, followed by dilution with 200 l IP buffer.
BRET assays were performed in white 96-well plates as previously described (20) . In brief, 50 nM Alexa-594 linked MOE gapmer ASO 766634 was incubated with 1-10 000 nM ASO of interest for 15 min at room temperature in 100 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.1% NP-40 with 10 6 relative light units (RLU) per well of Ni-NTA-purified NLuc fusion protein. Following the incubation, NanoGlo substrate (Promega) was added at 0.1 l/well. Readings were performed for 0.3 s using a Glomax Discover system using 450-nm/8-nm band pass for the donor filter and 600-nm long pass for the acceptor filter. BRET was calculated as the ratio of the emission at 600 nm to that at 450 nm (fluorescent excitation emission/RLU).
RESULTS
Uniform PS-MOE ASOs can reduce the level of NCL mRNA in different cells and species
To understand the potential mechanisms of mRNA reduction by ASOs that cannot initiate RNase H1 cleavage of RNA, 80 ASOs fully modified with PS and 2 -MOE (PS-MOE ASOs) were synthesized that target different positions of NCL mature mRNA, including the 5 UTR, coding region, and 3 UTR sequences. The ASO sequences were filtered to exclude certain features, such as CpG dinucleotide, G-clusters, and potential immune motifs. These ASOs cannot trigger RNase H1 cleavage of the target RNAs, as RNase H1 requires DNA/RNA heteroduplex formation (62, 63) . HeLa cells were transfected with ASOs for 18 h, and the levels of NCL mRNA were determined by qRT-PCR (Figure 1A ). As expected, most ASOs did not substantially reduce the levels of NCL mRNA; however, certain ASOs dramatically decreased the mRNA levels compared to levels in mock treated control cells. This experiment was repeated three times, with different primer probe sets for qRT-PCR, and similar results were obtained (data not shown), with the exception of ASO 1199558, which did not reduce the mRNA level in other experiments (Supplementary Figure  S1A) . The ASOs that triggered substantial mRNA reduction mainly targeted sequences toward the 3 end of the coding region. The most 5 site bound by an active ASO (ASO 1199568) was 162 nucleotides (nt) downstream from the AUG start codon. No substantial mRNA reduction was induced by ASOs targeting 5 or 3 UTR sequences.
To further confirm this observation and to determine the kinetics of ASO action, detailed dose-response studies were performed for seven uniform PS-MOE ASOs. HeLa cells were transfected with these ASOs at different concentrations, and the levels of NCL mRNA were quantified using qRT-PCR at 5 and 24 hours after transfection ( Figure 1B and C). A 5-10-5 gapmer PS-ASO 110080, which reduces mRNA levels via RNase H1 cleavage (30) , was also tested. Although the PS-MOE ASOs reduced NCL mRNA levels by more than 80% at 24 hours after transfection compared to the control-treated cells ( Figure 1C) , only approximately 40% reduction was achieved at 5 hours after transfection at highest ASO concentration ( Figure 1B ). This is in contrast to the RNase H1-dependent gapmer ASO 110080, which reduced mRNA levels much more rapidly (>95% reduction for 5 h at the highest concentration tested).
The activities of the uniform PS-MOE ASOs appear to be weaker than that of gapmer ASOs targeting the same sites (Supplementary Figure S1B) . However, more than a decade of research has resulted in the gapmer ASO design optimized to serve as substrates for RNase H1, so future investigation on these uniform PS-MOE ASOs could enhance activity. Nevertheless, these observations together suggest that the mechanism that underlies the reduction of the mRNA levels by the uniform PS-MOE ASOs occurs more slowly than RNase H1 cleavage. Consistent with the reduced level of NCL mRNA, the NCL protein level was also decreased by the PS-MOE ASO 1199600 ( Figure 1D ). In addition, comparable protein reduction was achieved by ASO 1199600 and the gapmer ASO 110093 targeting the same site (Supplementary Figure S1C) , although the gapmer ASO is more active than ASO 1199600 in reducing the mRNA levels (Supplementary Figure S1B) .
The reduction of NCL mRNA by uniformly modified PS-MOE ASOs was not due to unexpected effects of transfection, as the majority of tested ASOs transfected in the same way did not reduce the mRNA level ( Figure 1A ). In addition, we did not observe substantial reduction of premRNA at either 5 or 24 hours after transfection (Supplementary Figure S2A and B), suggesting that the reduction in mRNA levels did not result from impaired transcription. Further, the levels of an untargeted transcript, Drosha mRNA, were not substantially affected by treatment of cells with PS-MOE ASOs targeting NCL mRNA (Supplementary Figure S2C ). These results suggest that PS-MOE ASOs can specifically reduce the level of targeted mRNA in an RNA binding position-dependent manner. NCL mRNA levels in HEK293 and Hep3B cells (Supplementary Figure  S3A and B, respectively) and in mouse bEND.3 cells (Supplementary Figure S3C and D) were also reduced by select PS-MOE ASOs, although with different potencies. Together, these results indicate that uniform PS-MOE ASOs can reduce mRNA levels in different cell types.
Some PS-MOE ASOs alter splicing patterns yet other ASOs do not
It has been demonstrated previously that uniform PS-MOE ASOs can act on pre-mRNA and affect splicing, leading to alternatively spliced transcripts that can be subjected to NMD (10) . To determine whether the uniform PS-MOE ASOs targeted to NCL affected splicing, 14 ASOs that reduced NCL mRNA levels to different extents were transfected into HeLa cells, and the levels of mature mRNA and pre-mRNA were evaluated at 18 hours after transfection using primer probe sets specific to mature mRNA or premRNA. The level of NCL mRNA was reduced to different extents by these ASOs (Figure 2A) . No substantial increase in pre-mRNA levels was detected by the qRT-PCR upon transfection of these ASOs with the exceptions of ASOs 1199578 and 1199607, which increased pre-mRNA levels to about 275% and 150% of levels in control-treated cells, respectively ( Figure 2B ). Similar changes in the level of the pre-mRNA were observed using a different primer probe set specific to a different region of the NCL pre-mRNA (Figure 2C) . These results indicate that certain PS-MOE ASOs impaired splicing.
Next, we sought to determine whether ASO treatment triggers alternative splicing of exons adjacent to the ASO target sites. Primers for reverse transcription and PCR were designed that span exons 2-6 (P1), exons 6-9 (P2), and exons 9-13 (P3), NCL mRNA regions targeted by different ASOs ( Figure 2D, upper panel) . Strand-specific reverse transcription was performed to synthesize cDNA and PCR was then conducted to determine the size of the spliced mRNA ( Figure 2D, lower panel) . No change in the size of the PCR products was observed for any ASO-treated samples when using primer sets specific to mRNA regions outside the ASO-targeted region, further suggesting that global splicing was not impaired by the PS-MOE ASOs.
However, an additional PCR product was detected upon treatment with certain ASOs (ASOs 1199616-1199628) targeting the 3 region of the coding sequence ( Figure 2E ). The size of the PCR product in control cells was about 510 base pairs (bp), as expected, whereas a product of about 400 bp was also observed in samples treated with these ASOs. The 400-bp PCR product is the size expected if either exon 10 (∼120 nt) or exon 11 (∼130 nt) were skipped. Sequencing analyses of the PCR products confirmed that ASO 1199616 (targeting exon 10) and 1199624 (targeting exon 11) caused skipping of exon 10 and of exon 11, respectively; ASOs 1199627 and 1199628 that target exon 12 led to skipping of this exon. There are premature termination codons in each of these exon-skipped transcripts (data not shown). Thus, some of the PS-MOE ASOs targeting exon regions of NCL did alter pre-mRNA splicing, as reported previously in a study of ASOs targeting SMN2 (6) . No alternatively spliced products were detected for other ASOs, such as ASOs 1199595, 1199600 and 1199606, that reduce levels of NCL mature mRNA ( Figure 2D ). These observations suggest that PS-MOE ASOs targeting the coding region may reduce mRNA levels through a mechanism that does not involve altered splicing.
Certain PS-MOE ASOs reduce NCL mRNA levels via the NGD or NMD pathways
Although ASO-triggered alternative splicing could potentially lead to NMD, it is possible that other ASOs that did not alter splicing may induce decay through other pathways. The NGD pathway is known to be triggered by ribosome stalling on mRNA (49) . ASOs base paired with certain positions in the mRNA may generate obstructions that hinder ribosome scanning, leading to ribosome stalling. This possibility is supported by the observations that active ASOs were found at positions at least 160 nt downstream from the start codon, but no active ASO hybridized to 5 or 3 UTRs ( Figure 1A) . The stall sites that induce NGD are located at a distance from the start codon sufficient to stall multiple ribosomes, at least 105 nt from the AUG as demonstrated in a previous study (54) .
To determine if some of the tested PS-MOE ASOs reduced mRNA levels via the NGD pathway, levels of PELO and HBS1L, proteins required for NGD (48, 56) , were reduced in Hela cells by siRNA treatment ( Figure  3A) . Reduction of these NGD pathway proteins significantly decreased the activities of ASOs 1199595, 1199600, 1199616 and 1199607 as compared with activities in cells with normal levels of PELO and HBS1L, whereas activities of ASOs 1199624, 1199626 and 1199628 did not differ (Figure 3B-E and Supplementary Figure S4A, B) . These experiments suggest that ASOs 1199595, 1199600, 1199616, and 1199607 may stall translation, triggering NGD; in contrast ASOs 1199624, 1199626 and 1199628, which were shown to cause alternative splicing of the NCL mRNA may trigger NMD.
Next, NMD factors UPF1 and SMG6 were reduced by siRNA treatment ( Figure 3F ). As expected, reduction of the NMD factors significantly increased the levels of SMG5 and ATF4 mRNAs (Supplementary Figure S4C) , which are known NMD targets (64) , indicating that the NMD pathway was impaired under these conditions. There was no difference in the activities of ASOs 1199595, 1199600, and 1199607 in cells depleted of UPF1 and SMG6 (Figure 3G and H and Supplementary Figure S4D) . The results together suggest that these ASOs reduce the level of NCL mRNA mainly through the NGD pathway and not the NMD pathway. However, the activity of ASO 1199616 was decreased in cells depleted of NGD ( Figure 3D ) and NMD ( Figure 3I ) factors, suggesting that this ASO may induce mRNA decay through both pathways. The dramatically decreased activities of ASOs 1199626 (Supplementary Figure S4E ) and 1199628 ( Figure 3J ) upon reduction of UPF1 and SMG6 indicate that these ASOs trigger the NMD pathway to reduce NCL mRNA levels.
To confirm that the activities of these uniform PS-MOE ASOs do not require RNase H1, RNase H1 protein was reduced by siRNA treatment in HeLa cells ( Figure 3K ). Reduction of RNase H1 did not affect the activities of ASOs acting via either NGD or NMD pathways ( Figure 3L and Supplementary Figure S4F) . The activity of an RNase H1-dependent gapmer ASO 395254 was dramatically reduced under this condition (Supplementary Figure S4G) . Importantly, the activity of another gapmer ASO, which targets the same site as the ASO 1199600, was also decreased by RNase H1 reduction, and not by reduction of NGD factors (Supplementary Figure S4H) . That the PS-MOE ASOs do not trigger RNase H1 cleavage but rather trigger mRNA decay is further supported by the observation that the active decay-triggering ASOs and the RNase H1-dependent 5-10-5 gapmer ASOs bind to different regions of NCL (Supplementary Figure S5 ). These observations also infer that the accessibility of the target site, as evidenced by the active sites found for gapmer ASOs, is not sufficient for uniform PS-MOE ASOs to trigger mRNA decay.
Activities of PS-MOE ASOs are translation-dependent and these ASOs can inhibit translation
The NGD pathway requires ribosome stalling on translating mRNAs (48) . Therefore, if the PS-MOE ASO triggers NGD, ASO activity should also be translation dependent. To evaluate this, translation was inhibited by cycloheximide (CHX) treatment. HeLa cells were transfected with ASOs 1199600, 1199607, 1199616 or 1199628 in the presence or absence of CHX. Control cells were treated with CHX alone. In the presence of CHX, the activities of all tested ASOs were inhibited, including the PELO/HBS1L-dependent ASOs 1199600, 1199607, 1199616 and the UPF1/SMG6-dependent ASO 1199628 ( Figure 4A-D) . The graduate reduction of the NCL mRNA during CHX treatment was most likely due to cytotoxic effects of the drug. The loss of UPF1/SMG6-dependent ASO activity is consistent with the previous report that NMD is translation dependent (44 The NGD pathway is triggered by ribosomes stalled on mRNA due to obstacles such as stable mRNA structure (49) . It is therefore possible that the PELO/HBS1L-dependent ASOs base pair with the target mRNA and block ribosome scanning, leading to ribosome stalling on the mRNA. To test this possibility, HeLa cells were transfected with ASO 1199600, and the polysome profile was analyzed after 16 hour by sucrose gradient fractionation. As expected, ASO treatment reduced the level of NCL mRNA in cells ( Figure 4E ). After gradient fractionation, the levels of NCL mRNA in each fraction were quantified using qRT-PCR and normalized to the levels of an untargeted mRNA, ANXA2, in the same fractions. The NCL mRNA levels were modestly increased in lighter polysome fractions (F16-F20), whereas the mRNA levels in heavier polysome fractions (e.g. F24-F26) were reduced as compared with that in mock-treated control cells ( Figure 4F ). Similar results were observed when polysome profiles were analyzed 24 h after transfection ( Supplementary Figure S6A ) and when cells were transfected with another PS-MOE ASO 1199595, which has PELO/HBS1L-dependent activity (Supplementary Figure S6B) . Though the changes in the polysome profile were modest likely due to degradation of the mRNAs bound by stalled ribosomes, the trend was highly reproducible. These observations suggest that these PS-MOE ASOs impaired the translation process as heavier polysomes shifted towards lighter polysomes in the ASO-treated compared to mock-treated cells. The levels of NCL mRNAs in 80S mono-ribosomes were not affected by ASO treatment, suggesting that translation initiation was not blocked. This is consistent with the fact that the ASO binding sites are downstream of the start codon. The PS-MOE ASO 1199628, which is UPF1/SMG6-dependent and most likely acts on pre-mRNA and not on mature mRNA, did not substantially affect the polysome profile of NCL mRNA (Supplementary Figure S6C) , although this ASO also reduced the level of NCL mRNA in cells, supporting our hypothesis that PS-MOE ASO can act through different mechanisms to trigger mRNA decay.
La mRNA can be reduced by PS-MOE ASOs
Next, we tested whether PS-MOE ASOs can reduce the levels of other mRNAs via the NGD pathway. We designed 44 20-mer uniform PS-MOE ASOs to target various regions of La mRNA ( Figure 5A ). These ASOs were transfected into HeLa cells, and La mRNA levels were quantified using qRT-PCR. Some ASOs, primarily targeting the 3 part of the coding region and >300 nt downstream from the start codon, significantly reduced the levels of La mRNA. No obvious mRNA reduction was observed for ASOs targeting either the 5 or the 3 UTR.
In cells depleted of PELO and HBS1L ( Figure 5B ), the activity of ASO 1199848 was not altered compared to cells treated with a control siRNA ( Figure 5C ), but the activity of ASO 1199849 was reduced significantly (Figure 5D ), suggesting that certain PS-MOE ASOs decrease the level of La mRNA via the NGD pathway. Reduction of UPF1 and SMG6 decreased the activity of ASO 1199848 but not the activity of ASO 1199849 ( Figure 5E-G) , indicative of degradation mediated by the NMD pathway for ASO 1199848. As expected, treatment by ASO 1199849 reduced the level of La protein ( Figure 5H ). In addition, ASO 1199849 treatment also modestly altered polysome profile, with slightly increased La mRNA levels in lighter polysome fractions and reduced levels in heavier polysome fractions (Supplementary Figure S7) , similar to what we observed with the NGD ASOs targeting NCL mRNA ( Figure 4F and Supplementary Figure S6A-B) . Together, these results indicate that ASO-induced NGD is not restricted to NCL mRNA.
NGD triggered by ASO binding is mediated by base pairing with mRNA
As described above, the effects of PS-MOE ASOs on the levels of NCL mRNA are dependent on the position of the ASO binding site within the mRNA, suggesting that the ASOs act through base pairing with the target transcript. To confirm this, we evaluated ASOs of different lengths under the assumption that shorter ASO will have reduced affinity for the mRNA and should be less likely to inhibit ribosome scanning. ASOs shorter by 2 or 4 nt from either the 5 or the 3 end of ASO 1199600 were transfected into HeLa cells and activity evaluated ( Figure 6A, upper panel) . The shorter ASOs were not as active as ASO 1199600 ( Figure  6A, lower panel) . The 16-mer ASO (1288686) that lacks 4 nt from the 5 end of ASO 1199600 was much less active, whereas the other 16-mer ASO (1288688) shortened from the 3 end had reduced activity but to a lesser extent. The difference can be explained by the G-C contents of these ASOs. ASO 1288686 lacks three C-G pairs relative to ASO 1199600, whereas 1288688 lacks only one C-G pair.
The mRNA binding affinities for these ASOs were measured by analysis of thermal melting curves. The T m s of ASO 1288686 and ASO 1288688 with an oligoribonucleotide target were reduced by 8.9
• C and 5.3
• C, respectively, compared with the duplex formed by the parental ASO 1199600 ( Figure 6A, upper table) , suggesting that ASOs with lower T m are less able to block ribosome translocation. Shorter versions of ASO 1199616 also had reduced activity, and, as observed for the ASO 1199600 series of ASOs, the T m s of the shorter ASOs were substantially lower than those of the parental ASO ( Figure 6B ).
To confirm that the decreased activities of the 16-mer ASOs were due to weaker base-pairing interactions with the target mRNA, rather than ASO length, 20-mer PS-MOE ASOs were designed that contain 2, 4, or 6 mismatches as compared with ASO 1199600. The mismatched ASOs did not as effectively decrease levels of NCL mRNA as did ASO 1199600, and the least active ASO was the one with six mismatches to the target ( Figure 6C ). Similar trends were observed with another ASO sequence, 1199616, with increasing mismatches from 5 end further reduced the ASO activity ( Figure 6D ). In addition, 1, 2 or 3 mismatches were introduced into the central region of ASO 1199600 or 1199616. Consistently, central mismatches also reduced ASO activity, and more mismatches led to greater reduction in activity ( Figure 6E, F) . These results together suggest that the ASOs require base-pairing with target RNAs, and that the binding affinity is important for the ASOs that induce NGD. High T m might be required to efficiently stall ribosomes.
The activities of ASOs triggering NGD pathway can be affected by chemical modifications
It is known that chemical modifications significantly affect ASO binding affinity to RNA targets. Compared with MOE modification, which can increase T m by 0.5-1
• C per modification, cEt increases T m by 2-5
• C per modification (21-23).
To determine whether cEt modified ASOs exhibit greater activity than MOE-modified ASOs, we tested ASOs with three, four, or five cEt-modified nucleotides at either 5 or 3 end of ASOs of the same sequence as ASO 1199600. These ASOs were also modified with PS and with 2 -MOE at the non-cEt positions. These cEt-containing ASOs had higher T m s (>90˚C, data not shown) than the PS-MOE parent, but, unexpectedly, all the cEt-containing ASOs were less effective at reducing NCL mRNA levels than PS-MOE ASO 1199600 ( Figure 7A ). Similar results were also observed for the ASO 1199616 sequence: ASOs with three, four, or five cEt modified nucleotides at either end of the ASO did not reduce NCL mRNA levels to the extent that the parent PS-MOE ASO did ( Figure 7B ). Although the exact mechanism underlying this observation is unclear, it is possible that multiple cEtcontaining ASOs may have stronger self-assembly, or more tightly bind to cellular proteins, which may reduce the ASO availability for RNA binding or inhibit the functions of proteins involved. It was demonstrated previously that 2 modifications significantly alter the binding of ASOs to cellular proteins, which can in turn affect ASO activity via different mechanisms (13, 24, 65, 66) . PS-ASOs with cEt modifications bind proteins more tightly and more avidly than do of PS-MOE ASOs (20, 27) .
Chemical modifications can affect ASO-protein interaction that may influence ASO activity
To determine whether the cEt-containing ASOs mediating the NGD pathway also bind more proteins than the PS-MOE ASOs, affinity selection was performed using a biotinylated PS-ASO, and bound proteins were eluted by competition using a PS-MOE ASO 1199616 or cEtcontaining ASOs (1215826 and 1215829) of the same sequence, as described previously (26) . Consistent with our previous observations for other proteins (27) , more PELO and HBS1L was isolated with the cEt-modified ASOs than that with the PS-MOE ASO, as determined by western analyses ( Figure 7C) . Similarly, several other tested proteins, including hnRNP K, hnRNP A1 and NMD factors UPF1 and SMG6, also showed tighter binding to the cEtcontaining ASOs. As expected, Ku80, which is less affected by 2 -modifications than many other proteins (27) , bound similarly to these ASOs. Sar1b, a COPII protein that does not bind PS-ASOs (67), was not co-isolated.
That the cEt-modified ASOs bound more tightly to HBS1L than the PS-MOE parent was also confirmed with a different ASO sequence using a sensitive, bioluminescence resonance energy transfer (BRET) assay (20) . In this assay, the protein of interest was fused with Nanoluc luciferase, which serves as a donor to transfer light energy to Alex 594-linked ASO when they bind. Compared with the PS-MOE ASO, cEt-modified ASOs exhibited 3-5-fold higher binding affinities ( Figure 7D) .
We note that the binding of PELO/HBS1L to ASOs is most likely mediated by the PS-backbone modification, and not by the ASO sequence or base-pairing with NCL mRNA, as different PS-MOE ASOs targeting a nucleolar snoRNA also bound these two proteins (Supplementary Figure S8 ). In addition, a PS-MOE modified ASO targeting NCL mRNA (1107253) that did not reduce NCL mRNA levels ( Figure 1A ) also bound PELO/HBS1L proteins. However, conversion of this NCL ASO from PS to phosphodiester (PO) backbone resulted in loss of PELO/HBS1L binding. Together, these results indicate that PELO/HBS1L binding to ASOs is not mediated by ASO sequence or RNA targets, but is primarily mediated by the PS backbone modification, consistent with our previous observations (20, 27) .
The above results suggest that in addition to the ASO/mRNA interaction, other factors, such as ASOprotein interactions, may also contribute to the activities of ASOs that induce mRNA decay. It is possible that, though cEt-modified ASOs bound more tightly to the RNA target than did the PS-MOE ASO of the same sequence, the cEtmodified ASOs may also have increased binding to cellular proteins including the proteins important for NGD pathway. These ASO-protein interactions may alter or inhibit the functions of the proteins, as we recently demonstrated for 2 -F-modified ASOs that trigger degradation of certain paraspeckle proteins (28) .
To test this possibility, the La-targeted ASO 1199849 was transfected into HeLa cells with or without different competitor ASOs targeting NCL mRNA (PS-MOE ASO 1199600 or cEt-containing ASO 1215815). Co-transfection of the cEt-containing ASO, but not the PS-MOE ASO, reduced the activity of the La ASO 1199849 ( Figure 7E To simplify the situation, a single cEt modification was used to replace the MOE modification at the 5 end of ASOs 1199600 and 1199616, as reducing the number of cEt modifications reduces protein binding (27) . As expected, a single cEt replacement did not significantly increase protein binding as compared with the parental PS-MOE ASO, as determined by affinity selection followed by silver staining and western analyses (Supplementary Figure S10A and B) . However, these single cEt-containing ASOs showed modest, but statistically significant increase in activity as compared with their parental PS-MOE ASOs ( Figure 7F and G), suggesting that increasing ASO binding affinity to RNA can increase the ASO activity. To further confirm this observation, PS-ASOs uniformly modified with 2 -O-Methyl (Me) were synthesized for 1199600 and 1199616 sequences. These PS-Me ASOs showed reduced T m (by 9.2
• C and 3.5
• C, respectively), as compared to their PS-MOE counterparts (with T m at 88.9 and 80.1
• C, respectively). Interestingly, reduced activities were observed for these PS-Me ASOs, as compared with the PS-MOE ASOs ( Figure 7H ). Altogether, these results suggest that chemical modifications can affect ASO activity, and that increasing ASO-RNA binding affinity can enhance ASO activity.
DISCUSSION
Enzyme-mediated antisense mechanisms, such as those involving RNase H1 and RISC, are widely used to modulate gene expression for both research and therapeutic purposes. ASO-mediated mechanisms that do not require a RNase enzyme have also been shown to alter RNA or protein levels by modulating pre-mRNA splicing, NMD, or mRNA translation. In this study, we found that ASOs uniformly modified with phosphorothioate and 2 -MOE, which cannot mediate cleavage of target RNA by RNase H1, can induce mRNA degradation through the no-go decay pathway. This study both describes a new approach for reducing gene expression and offers an explanation for previous observations that some RNase H1-independent ASOs reduce mRNA levels.
We designed PS-MOE ASOs to target different regions of the NCL mature mRNA. A subset of the ASOs evaluated reduced the levels of the mRNA. Some of these ASOs triggered alternative splicing. This is not surprising, as RNase H1-independent ASOs have been shown to modulate splicing by inhibiting binding of splicing factors to pre-mRNAs (6, 7, 68) . The alternative splicing induced by the PS-MOE ASOs resulted in isoforms with premature termination codons and were likely degraded via the NMD pathway. We showed that the activities of the ASOs shown to influence splicing were dependent on UPF1 and SMG6, proteins required for NMD pathway.
Other of the ASOs that reduced NCL levels did not appear to affect splicing; these included ASO 1199595 and ASO 1199600. These ASOs caused mRNA reduction at a rate slower than ASOs that induced RNase H1 cleavage but similar to the rate of ASO-induced NMD, suggesting that these ASOs reduce the mRNA level via a decay mechanism. We discovered that the activities of ASO 1199595 and ASO 1199600 depend on PELO and HBS1L, proteins required for NGD, but not on NMD factors UPF1 and SMG6. Further supporting our hypothesis that these ASOs trigger degradation through NGD are several additional observations: First, the active ASOs are complementary to sequence in the coding region at positions located at least 160 nucleotides downstream from the start codon. This is consistent with previous findings that the stall signals that induce NGD are more than 105 nucleotides downstream from the start codon; presumably this location results in stalling of multiple ribosomes (54) . Second, CHX treatment, which inhibits translation, abolished the activities of the PS-MOE ASOs 1199595 and 1199600. That the ASO activity is translation dependent is consistent with previous reports that NGD is translation dependent (48, 54) . Third, these ASOs altered the polysome profile of the target mRNA, suggesting that the ASOs act on mature, actively translated mRNA. Together, these results indicate that some PS-MOE ASOs can reduce mRNA levels by triggering NGD.
Interestingly, the activity of ASO 1199616 seems to be dependent on both NMD and NGD pathways. Reduction of either PELO/HBS1L or UPF1/SMG6 proteins decreased the ASO activity, suggesting that this ASO may trigger two different decay mechanisms. Unlike ASOs 1199595 and 1199600, ASO 1199616 affected splicing, and thus it may act on pre-mRNA and induce NMD. However, this ASO may also act on mature mRNA in the cytoplasm to inhibit translation, leading to NGD. Though the relative contribution of the two decay pathways to the reduction of NCL mRNA is unclear, these observations demonstrate the complexity of ASO-induced mRNA degradation.
The effects of the NGD ASOs on target mRNA reduction appear to be dependent on complementary base pairing to the target, since reducing the ASO length or introducing mismatches decreased activity. Importantly, 16-mer ASOs shortened from either the 5 or 3 end relative to the active 20-mer exhibited different activities that were correlated with thermodynamic stabilities of the duplex formed with target RNA. This was expected, as a high affinity interaction may be necessary to effectively block translation. It is unclear why many other ASOs targeting the coding region of the mRNA did not trigger mRNA reduction, as all the ASOs tested had the potential to form stable duplexes with the mRNA, and many ASO target sites are accessible as determined by screening using the gapmer ASO counterparts. It is possible that other factors, such as mRNA sequence context or the codons, may also contribute to the ribosome stalling induced by the ASOs. Understanding the mechanism in detail will require further investigation.
We reasoned that we could improve the efficacy of the ASOs that induce NGD by enhancing affinity. Therefore, we synthesized ASO with 3-5 cEt modifications, which stabilize nucleic acid duplexes (22) . Surprisingly, ASOs containing several cEt-modifications at either 5 or 3 end had reduced activity compared to the PS-MOE ASOs of the same sequence. As the cEt-modification enhances protein binding, the reduced ASO activity may be due to reduced availability of ASOs for RNA binding due to binding to cellular proteins, or impaired functions of proteins important for NGD. To support the latter possibility, the activity of the La NGD ASO 1199849 was reduced by the presence of a cEt-modified competitor ASO, but not by a PS-MOE competitor ASO. As the competitor ASOs have a different sequence than that of the La ASO, the reduced activity of the La ASO was not caused by competition for binding to the same mRNA site. Rather, it is possible that the cEt-modified ASO binds more tightly than the PS-MOE ASO to proteins important for NGD pathway, which may inhibit the protein function.
In support of this hypothesis, the cEt-modified ASOs bind more PELO and HBS1L proteins than the PS-MOE counterpart. This is consistent with our previous observations that cEt-modified ASOs bind more tightly and move avidly to cellular proteins than the PS-MOE ASOs do (27) . However, as over-expression of PELO and HBS1L did not increase the activity of the ASOs, it is possible that these two proteins are required, but not sufficient for ASO-induced NGD. Other cellular proteins may also be required for this process that could be affected by the cEt-modified ASOs. To simplify the situation, we evaluated the effects of PS-Me modification, which reduced Tm and also reduced ASO activity, as compared with their PS-MOE modified counterparts. On the other hand, introducing a single cEt modification did not significantly increase protein binding but modestly increased ASO activity. These results further support the hypothesis that increasing ASO/RNA binding affinity can increase ASO activity. However, as chemical modifications can affect ASO binding to both RNA and cellular proteins that may be necessary for NGD activity, caution needs to be taken when introducing multiple high affinity and/or lipophilic modifications to ASOs.
NGD has been reported to occur in yeast, insects, plants and mammals (48, 49, 52) . Identifying endogenous NGD target mRNAs, which could be facilitated by ribosome profiling through determining heavily ribosomeprotected regions in mRNAs, will be important for better understanding and intervening gene expression regulation.
Here we found that PS-MOE ASOs can reduce the levels of different mRNAs in several human cell lines and a mouse cell line, suggesting that this mechanism of ASO activity could be employed in different species. Although the activities of the ASOs that induce NGD act more slowly than gapmer ASOs, the maximum reduction of the target RNA seemed comparable. Use of uniformly modified ASO that cannot activate RNase H1 may have advantages for some targets and can be employed in cells with low RNase H1 levels. Establishing general rules for identification of active target sites and design of more potent NGD inducing ASOs requires further investigation. However, several factors may be considered based on current study, e.g., targeting the 3 portion of coding region of mRNAs; using ASOs with proper length and chemistry that have higher Tm yet without causing self-structure or strong protein binding; and selecting sequences with minimum off-target potential.
In addition, our studies demonstrate the complexity of ASO-RNA interactions. In the coding region of a target mRNA, different antisense mechanisms can potentially result in loss of target RNAs. These findings provide explanations for previous observations that ASOs that cannot mediate RNase H1 cleavage sometimes result in target mRNA loss (59) . Furthermore, that both NMD and NGD can contribute to target RNA reduction induced by ASO treatment demonstrates that once an ASO/RNA duplex is formed competition among various proteins for the ASO/RNA duplex can cause complex effects.
